The unified theory of absolute intensity measurements in small-angle X-ray scattering has been experimentally verified by determining a collimation system and wavelength-independent calibration constant for polyethylene (Lupolen). Consistent values of this constant were determined for three X-ray wavelengths (Ag Ke, Mo Koq and Cu K00 by gas scattering and multiple-foil attenuator experiments.
I. Introduction
In a recent paper, an analytical approach to the theory of absolute intensity measurements in small-angle scattering experiments was developed (Hendricks, 1972a) . The feature which allowed a rigorous mathematical comparison of the many experimental techniques currently in use was the introduction of the concept of weighting functions (Hendricks & Schmidt, 1967 . Up to now, this theory has remained experimentally untested; we present here our results for the intercomparison of calibrations by gas scattering for three different X-ray wavelengths (Cu Ke, Mo Ke and Ag Ke) and for a multiple-foil attenuation experiment with one wavelength (Cu Ke). This intercomparison is accomplished by measuring a wavelength and collimation system independent constant for a special form of polyethylene (Lupolen). Kratky, Pilz & Schmitz (1966) have shown that a certain form of polyethylene (Lupolen~) has several advantages as a secondary calibration standard for small-angle X-ray scattering absolute intensity measurements. § In that work, it was shown that under certain well-defined conditions the constant II Kpoly(e) __ Ppo,y(e)L (la) PeA is independent of the geometry of the collimation * Research sponsored by the U. S. Atomic Energy Commission under contract with the Union Carbide Corporation. t Permanent address: Physics Dept., Anderson College, Anderson, Indiana 46011, U.S.A.
II. Theory
Manufactured by Badische Anilin and Sodafabrik according to the details given by Kratky, Pilz & Schmitz (1966) .
§ Further studies of Lupolen have been presented by Pilz & Kratky (1967) , and Pilz (1969) .
II Throughouti this paper we use the notation of Hendricks (1972a) and define here only the new variables not previously defined.
system, and depends only on the individual polyethylene sample. Following the derivation of Hendricks (1972a) , it is straightforward to show that in h-space this constant may also be expressed as 
where K -a is the absolute intensity calibration constant. Thus, from equation (l b) we have K;,o~y(h)-Kpo~y(h)/2 as a wavelength and collimation-system independent constant for a particular sample of polyethylene.
From these considerations it is clear that, in the absence of multiple-scattering effects, the constancy of ~c' as determined by different absolute intensity calibration methods and for different X-ray wavelengths is in reality a test of our ability to accurately determine K-1 In the following experiments we have chosen to determine K -1 by both multiple-foil and gas-scattering techniques for three X-ray wavelengths and have evaluated/(;oly(h) for each case at h=0.041888 A -~ (corresponding to a Bragg spacing of 150 A) which is in the center of the linearily decreasing region for the polyethylene scattering curve. The assumptions under which K';oly(h ) is independent of the geometry of the collimation system have been discussed previously (Kratky, Pilz & Schmitz, 1966; Hendricks, 1972a) and were satisfactorily obeyed throughout the present experiments.
III. Experimental procedures
The two modified Kratky collimation systems used in these experiments have been described previously (Hen-dricks, 1970; Hendricks, De Lorenzo, Glass & Zedler, 1972) . Each time the X-ray wavelength was changed, the entrance and receiving slits were adjusted to maintain a constant resolution in reciprocal space.
During these experiments, we used two different polyethylene samples designated Poly No. 1 and Poly No. 2. Table 1 shows a comparison of Ppo~(e) for the two samples along with several other parameters. Based on the weighted averages of Ppo~y(e) the two samples are apparently different and all data are adjusted to Poly No. 2 as the standard. Over a period of four years the stability of these specimens against deterioration from X-irradiation damage or other effects was checked. In agreement with the observations of Pilz & Kratky (1967) , no discernible changes were observed. 
The value of K -1 was determined by the methods described below for each wavelength, thus permitting a determination of X'poty(e) for each wavelength. In Table 2 we present a summary of the parameters and typical values used in each experiment.
IV. Experimental results

Attenuation experiment for Cu Ko~ radiation
The X-ray beam power incident on the sample was reduced using nickel foils approximately 0.025 mm thick to permit a direct measurement of the reduced beam power. The power level and collimation geometry were the same as used for all other Cu Ks experiments. The Ni foil was prepared by pack-rolling 99.9 % Ni with several intermediate annealing steps.
The experiment was performed three times with variations as follows: First, 13 foils (of the 37 prepared) were chosen randomly; second 15 foils were chosen for their uniformity of transmission coefficient; and third, the same 15 foils were used with a multichannel analyzer to record the power distribution versus energy. The observed counting rates were corrected for electronic background noise and for the dead time of the electronics [12.0 psec as determined by the method of Chipman (1969) ]. Fig. 1 shows the corrected and uncorrected data for the third experiment. The dead-time correction procedure considered the counting rate at the detector for the complete wavelength spectrum as determined from the multichannel analyzer data.
The usual method of extrapolating In P,(ef) on n to obtain Po(ef) introduces a systematic error if the foils are not exactly identical (Weinberg, 1963) . To account for this effect, we write
where ti is the thickness of each foil and Po(ef) is the unattenuated power at angle e:. Equation (2) (3) i=l A plot of In P, versus p ~ t~ has a slope of -1 and an i=1 intercept of In Po(e:). Linear-regression analysis was used to obtain the values for P0. The values of K -1 obtained from equation (11) of Hendricks (1972a) are shown in Table 3 for each foil experiment. The slit- Po(e f )* counts/sec Slope* * Typical values for this parameter since value varies.
Cu Ks 1.5417 (30,41) 2"8 x 7"0 90% Xe-10% CH4 Proportional Graphite 0"644 x 10 -2 0"3665 0"55 93"0 2"496 × 1019 0"922 1 "0698 0"9370 2"30 0"14 0"3330 1"430 x 106 1 "00232 width weighting function Ww(e) was determined experimentally while the slit-length weighting function W~(u) was computed by the code WEIGHT (Hendricks, 1972b) .
Gas scattering experiments
The scattered X-ray power from octafluorocyclobutane gas* C4F 8 was measured in transmission for three X-ray wavelengths following the technique of Shaffer & Beeman (1970) . The sample cell was of the flow-through design 0.809 cm thick, with two 1-25 × 10 -4 cm thick beryllium windows. A thermocouple was used to automatically record the temperature of the sample cell. The gas, 99.9 % C4F8, was passed through the specimen chamber at a low flow rate; the flow rate was monitored by bubbling the exit gas through 2 mm H20. The same sample cell was used for all the gas experiments described here. The background scattering from the sample cell was always determined with the cell evacuated to eliminate air scattering. The scattering curves were corrected for background scattering, sample and cell absorption, electronic noise, and the dead time of the electronics. Data smoothing was performed by a cubic least-squares spline program (Smith, 1971) . A typical scattering curve for the gas as determined with Ag K~ radiation is shown in Fig. 2 . The slit-length weighting function is also shown to illustrate that neither the Gaussian nor the constant 'infinite beam' approximation is valid for these data. For this case an analytical procedure for obtaining Kg%~s is developed in the Appendix. The values of Po(0) and B were determined by a least-squares fit of the corrected data to a Guinier plot [equation (A3)]. The values of K~ were obtained from equation (A5) for each of these experiments and are shown in Table 3 . The necessary thermodynamic properties of C4F 8 as a function of temperature and atmospheric pressure were obtained from Hendricks & Shaffer (1971) . 
Calibration of polyethylene
A complete scattering curve fiom the polyethylene specimens was measured before and after each gas or foil attenuation run. A least-squares computer code was used to fit the data in the appropriate region of h-space to a straight line. The value of Ppo~y (150 A) was determined from the coefficients.
From the values of the absolute intensity calibration factor K -1 and the values of Ppo~y (150 A), we have determined the calibration constants to' (150 A) for our polyethylene specimens from equation (l c). The results are shown in Table 3 . Note that the incident beam power, as determined from the values of K -x, varied by over a factor of 25 in the different experiments. Statistical analysis of the values of x' show that with 95 % confidence ( + 2o-) none of the results may be rejected as being different from the mean. Thus, we conclude that the constant x' is indeed wavelength independent.
V. Discussion
The validity of the above methods to test our ability to accurately determine a small-angle absolute intensity calibration factor depends on the assumption that only single-scattering processes occur; otherwise K~oly should be both wavelength-and collimation-systemdependent. Unfortunately, no multiple-scattering theory has been developed which is appropriate to the present experiments. The theory of Chonacky & Beeman (1969) adequately considers the angular divergence in the incident beam, but assumes only a slowly varying scattering law; the theory of Malet, Cabos, Escande & Delord (1973) makes no assumptions about the scattering law, but assumes a point collimation system. However, simple calculations with the point-source assumptions suggest that, even with a large angular divergence in the incident beam, in the present case the effect of second-order scattering is negligible. Our experimental results confirm this conclusion within our experimental accuracy (_ 3 %).
Thus, we conclude that this experiment demonstrates an agreement of primary and secondary methods of measuring absolute intensities; an agreement which implies that all of the experimental parameters are correctly identified in the theory. In addition, it demonstrates that polyethylene can be used as a wavelengthindependent absolute intensity secondary standard. This is a heretofore unknown result, and should be of considerable value to those using X-ray wavelengths other than Cu Ka for which Lupolen is normally calibrated.
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The calculation of Io(e ) from the observed scattering curve Po(e) for the gas must involve corrections due to the slit-smearing effects of the collimation geometry.
usually one neglects the slit-width smearing and uses either a Gaussian or a constant from the slit-length weighting function. However, for the Kratky collimation geometries used in these experiments neither the Gaussian nor the constant-length weighting functions are good approximations, as may be seen in Fig. 2 . We develop an alternative procedure here.
The observed power P(e) recorded by the detector is related to the absolute scattered intensity l(e) as (Hendricks, 1972a) 
--co
With the usual assumption that Ww(u)= 6(u), and with the absolute gas scattering given by Guinier & Fournet (1955) l ( 
From equations (Ala) and (A3) we note that the constant B can be obtained from a Guinier plot of the observed power Po(e), as has been pointed out by Guinier & Fournet (1955) . With this value, the constant c can be evaluated from equation (A4) for any collimation system, without any assumptions about the shape of the slit-length weighting function. Combining equations (Ala) and (A3) where Po(O) is the gas scattering extrapolated to zero angle before collimation corrections.
